Development of design rules through understanding exciton dissociation and charge generation dynamics is an important pathway to improve the performance of hybrid inorganic-organic solar cells. In this work, we study the photophysical behavior and dynamics of charge generation in organic/inorganic hybrid based on poly(3-hexylthiophene) (P3HT) and zinc oxide (ZnO) nanostructures by steady-state and time-resolved uorescence spectroscopy. Both lms of P3HT:ZnO nanoparticle (NPs) blend as the active layer and pristine P3HT as the active layer on ZnO nanorod (NRs) array buffer layer can provide ef cient interfaces for exciton dissociation and charge transfer. P3HT can in ltrate into inter-rod space of ZnO NRs and cover them to enhance the 0-0 band against the 0-1 one in the steady-state photoluminescence spectrum. However, the con guration of P3HT: ZnO NPs blend as the active layer on ZnO NRs buffer layer poorly further improves the exciton dissociation, due to the decreased organic-inorganic interface area.
Introduction
Organic-inorganic hybrid nanocomposites have attracted intensive interest due to a great potential optoelectronic application including light emitting diodes (OLED), eld effect transistor (FET) and organic solar cells (OSC). Such hybrid systems, composed of conjugated polymers and inorganic semiconductor nanostructures, can presumably offers multitudes of performance by integrating advantages of single-component counterparts [1] [2] [3] . Poly(3-hexylthiophene) (P3HT) is a conventional conjugated polymer applied in OSC as donor in the active layer 4, 5) . As a candidate of inorganic semiconductor, ZnO is famous for its multiple nanostructures, which have high carrier mobility and ambient stability 6, 7) . Photoinduced electron transfer occurs at the interface between the polymer (donor) and the inorganic semiconductor (acceptor) and results in ef cient charge separation. In priori studies, generally there are two categories of P3HT and ZnO interfaces: I. ZnO nanostructures blended with P3HT as the active layer; II. P3HT as active layer on top of ZnO nanostructures as buffer layer 7, 8) . For applications in solar cells as well as others mentioned above, a detailed investigation of the photophysical behavior of P3HT upon excitation is a critical research point for optimizing device functions. Characterization of the uorescence decay behavior is fundamentally important in understanding the charge generation process in conjugated polymer-based organic devices.
In the present work we report the use of femtosecond time-resolved photoluminescence (PL) spectroscopy to study the relaxation dynamics of the excited states and the decay mechanisms of photoinduced charge carriers for P3HT/ZnO hybrid systems. Several types of P3HT:ZnO interfaces were investigated, based on P3HT and P3HT:ZnO NPs blend as lms on glass or on ZnO NRs array, respectively. The dynamics of charge-carrier relaxation at different P3HT: ZnO interfaces have been investigated in comparison with that in pristine P3HT, revealing that our incorporation of ZnO NPs into P3HT or ZnO NRs under P3HT are both able to increase the ef ciency of exciton dissociation as long as the organic-inorganic phase separation is appropriate.
Experimental
ZnO NPs were fabricated according to Ref. 7). ZnO NRs array was fabricated according to Ref. 9) . P3HT (>90% regioregular) was purchased from Sigma-Aldrich and dissolved in chloroform at a concentration of 5 mg/ml. P3HT solutions were stirred overnight. Then ZnO NPs were added into the previously prepared P3HT solutions. The blend solutions were stirred for ve hours and then ultrasonicated (50 W, 43 kHz) for 1.5 hour in order to get a homogeneous solution and prevent any agglomeration taking place 10) . Films of P3HT and ZnO NPs with a weight ratio of 1:0 and 1:0.3 were prepared by spin-coating the solutions on top of glass and ZnO NRs array, respectively, at a speed of 1000 rpm for 50 s. The optical absorption spectra were collected using a UV-visible dual-beam spectrophotometer (TU-1900, PG Instruments, Ltd., Beijing, China). Steadystate PL measurements were performed with a PG2000-Pro-EX spectrometer with the excitation wavelength of 400 nm. Time-resolved uorescence characterization was performed using the uorescence up-conversion technique [11] [12] [13] [14] . Tested solar cell devices were prepared by spin-coating P3HT (or blended P3HT: ZnO NPs) solutions directly onto ITO glass or to ZnO NRs array which grew on ITO glass. Then lms were annealed at 150 C for 10 min inside a glove box. The devices were tested right after preparation. Current density-voltage (J-V) characteristics of cells were measured at room temperature under AM1.5G illumination of 100 mW/cm 2 provided by a built-in solar simulator (SAN-EI Electric XEC-301S).
Results and Discussion
Four lm samples were fabricated to design diverse inter-* Corresponding author, E-mail: haoxt@sdu.edu.cn faces between P3HT and ZnO as illustrated in Fig. 1(a) : Sample A, lm of pristine P3HT; Sample B, lm of P3HT: ZnO NPs blend; Sample C, lm of pristine P3HT on ZnO NRs array; and Sample D: lm of P3HT: ZnO NPs blend on ZnO NRs array. The ZnO NRs is wurtzite and its growth orientation is (002). The size of the ZnO NPs is about 4 nm, and the diameter of the cross section is c.a. 30 nm for ZnO NRs 8, 9) . In Sample C and D, P3HT lms were spun on ZnO NRs array and may in ltrate into the space between NRs (see Fig. 1(b) ). P3HT lms with and without blended ZnO NPs on top of ZnO NRs arrays are shown in Fig. 1(c) . The layer thickness of the samples is in the range of 150-230 nm since the spin-coating speed is the same for them.
The UV-visible absorption spectra of the four samples are depicted in Fig. 2(a) . The spectrum of the pristine P3HT lm exhibits the characteristic absorption peak at 520 nm due to the π-π* electronic transitions in P3HT. The two shoulders near 550 nm and 600 nm are ascribed to the vibronic absorption of the ordered P3HT crystalline regions in the lms 15) . The absorption performance of P3HT lms depends on the highly textured and oriented crystallites formed by the self-organized region-regular polymer, which possesses highly ordered packing, alignment, strong interchain and interlayer interactions. The absorption peak shifts to 540 nm when 30 mass% ZnO NPs were added. Since the absorption of P3HT consists of the (0-1) transition with shorter-wavelength and the (0-0) transition with longer-wavelength, the variation of 20 nm can be regarded to result from the changed relative intensities of the two transitions. According to Nuzzo et al. 16) , the red-shift of the absorption peak is associated with the reduction of torsional defects. Hence, the larger composition of the longer-wavelength sideband in the P3HT:ZnO NPs hybrid indicates that more ordered structures with less torsional defects are formed in the hybrid than in the pristine P3HT.
The lms on ZnO NRs array show strong absorption in UV region. The signi cant absorption below 400 nm corresponds to the absorption of ZnO, showing a typical trailing edge of ZnO near 400 nm. The inset of Fig. 2(a) shows strong absorption tail in the short-wavelength range for ZnO NRs array and a weak one for ZnO NPs. The curves for Sample C and D are both superpositions of the absorption of P3HT and ZnO, indicating there is no electron transfer be- tween P3HT and ZnO on ground state but only on excited state. The characteristics of ZnO is more prominent as its composition ratio increases since ZnO NPs and NRs both exist in Sample D. The uorescence excited by the laser at the wavelength of 400 nm is only from electronic transitions of P3HT not from ZnO, because 400 nm (3.1 eV) is lower than the energy band gap of ZnO (3.37 eV at room temperature). The higher energy peak at 650 nm and the lower energy one at 710 nm in the steady-state PL spectra plotted in Fig. 2(b) are attributed to (0-0) and (0-1) transitions, respectively, according to the Franck-Condon progression model 17) (see the inset of Fig. 2(b) ). From the PL normalized to the 0-1 peak, the intensity ratio between the (0-0) and (0-1) sideband, as demonstrated in Fig. 2(c) , increases from 0.82 for pristine P3HT lm (Sample A) to 0.83 for P3HT:ZnO NPs blend lm (Sample B). The ratio increases signi cantly to 0.94 when pristine P3HT lm is on top of ZnO NRs array (Sample C). This number goes down to 0.85 with respect to P3HT: ZnO NPs blend lm on ZnO NRs array (Sample D).
There are H-type (face-to-face) and J-type (head-to-tail) aggregates for P3HT 18, 19) . While only 0-1 sideband appears in the former type due to the constraint of symmetry, the transition corresponding to 0-0 sideband is strongly allowed in the latter type. Baghgar proposed a theory that such 0-0 to 0-1 sideband ratio would rise from H-to J-aggregates as the coil chain conformation of polymer becomes more prevailing compared to the rod-like chain 20) . In our study, as illustrated in Fig. 3 , P3HT chain remains its rod-like shape when it is blended with ZnO NPs, but it becomes increasingly coiled when in ltrating into the accessible inter-rod space between individual ZnO NRs. P3HT self-organizes into a coiled chain and covers ZnO NRs, which results in the conspicuous rise in the intensity ratio I 0-0 /I 0-1 in Sample C. Similar phenomena were found in blended nanocomposites of P3HT and multi-walled carbon nanotubes 21, 22) . The incorporation of ZnO NPs in Sample D is hypothesized to hamper the contact of P3HT and ZnO NRs, ruining part of the coverage conformations and imparting the fall of I 0-0 /I 0-1 ratio.
The un-normalized emission spectra of pure P3HT and its blend lms with ZnO nanostructures are presented in Fig. 4(a) to show the P3HT uorescence quenching effect by ZnO as a result of charge carrier transfer from P3HT to ZnO nanostructures. The dynamic photophysical processes were investigated by femtosecond uorescence upconversion technique (see Fig. 4(b) ). The samples were excited at 400 nm and probed at 650 nm. Fluorescence decay pro les of pristine P3HT and P3HT/ZnO hybrid systems are shown in Fig. 4(c) . The instrumental response function (IRF) was measured to be 400 fs, as shown in the inset. The blending of P3HT with ZnO NPs and P3HT (or P3HT: ZnO NPs blend) on ZnO NRs array all make excitons dissociate more effectively, by showing a shorter uorescence lifetime in Sample B, C and D compared to that of Sample A. The decreased lifetimes demonstrate the charge transfer indeed occurs from P3HT to ZnO. Exciton dissociation and charge transfer is more ef cient when the donor P3HT is in contact of the acceptor ZnO. The tted decay times are shown in Table 1. The average lifetime of pristine P3HT lm is 226 ps, which is in agreement with previous work 23, 24) . The average uorescence lifetime of the P3HT/ZnO hybrid decreased to 67 ps for Sample B and 65 ps for Sample C. The compositional ratio of ZnO NPs of Sample B was optimized to be 30%, which is limited by the solubility of ZnO NPs in P3HT. It was observed that the uorescence decayed faster as the concentration of ZnO NPs increases in Sample B, consistent with the results in Ref. 7) .
For organic polymer blend lms, the formation of an interpenetrating donor/acceptor network is essential to enable ef cient separation of photogenerated excitons at the donor/ acceptor interface. The separated charges may recombine in two alternative pathways which can compete with charge collection and photocurrent generation germinate recombination of the initially generated charges at the donor/acceptor interface and bimolecular recombination of dissociated charges during their transport to the device electrodes 23) . In order to nd out whether bimolecular recombination plays a signi cant or trivial role in the charge transfer processes, the excitation laser power dependent uorescence decays were measured. The un-normalized uorescence decay curves are shown in the right inset of Fig. 4(d) . To make the comparison and analysis more accurate, normalized decay data are presented in Fig. 4(d) and they almost overlap with one another under three different excitation laser intensities. In uorescent systems, bimolecular exciton-excition annihilation contributes to a rapid intensity dependent decay at times shortly after the excitation. Therefore the decay trace is also zoomed in to the initial part to observe whether bimolecular recombination exists. As shown in the inset of Fig. 4(d) on the left hand side, taking Sample A as an example, the normalized uorescence decay traces under three different excitation laser intensities almost overlap even in the short time range from 0 to 400 ps. In another word, the signal amplitude increases linearly with the excitation density, whilst the decay dynamics are invariant 23) . Therefore, bimolecular recombination was trivial in the samples under study.
All decay pro les from the four lms were tted by a triple exponential function indicating three lifetime components. The rst two short lifetimes ranging from hundreds of femtoseconds to tens of picoseconds are attributed to exciton hopping to sites with lower energy and to a slow conformational planarization of the polymer backbones 24) . The third component is correlated to the relaxed interchain singlet excitons which are formed on a 100-200 ps time scale and decay with a several hundred picosecond time constant by nonradiative recombination 25) . All the three lifetimes τ 1 , τ 2 and τ 3 become shorter in Sample B and C compared to Sample A, indicating that the presence of ZnO NPs or NRs facilitates exciton hopping and relaxation at the interfaces with P3HT.
However, the coexistence of ZnO NRs and NPs in Sample D did not enhance but hampered the exciton dissociation. A possible cause is that ZnO NPs intended to accumulate on ZnO NRs as evidenced by the results of the steady-state PL characterization. The prolonged PL decay lifetime in the ZnO NRs/P3HT:ZnO NPs hybrid compared to that in Sample B and C is mainly due to the fall of charge separation efciency as a result of decreased interfacial areas by the addition of ZnO NPs in P3HT on ZnO NRs array. The presumable effect of area enhancement by the co-presence of ZnO NPs and NRs is surpassed by the effect that ZnO NPs block the contact of ZnO NRs and P3HT. This interpretation is consistent with the steady-state PL results and can also be demonstrated with Fig. 3 .
Heterojuncion solar cells were fabricated with the sample solutions under the same active layer preparation condition. As shown in Fig. 5 , the active layers of solar cells are composed of P3HT and P3HT:ZnO NPs on top of ITO glass or ZnO NRs array, respectively. From the J-V curve (Fig. 5 ) and the power conversion ef ciency (PCE) of the solar cells (Table 2) , it can be seen that the device performance is better when P3HT:ZnO NPs blend (corresponding to Sample B) and ZnO NRs:P3HT (corresponding to Sample C) serve as the active layers, compared to pure P3HT (corresponding to Sample A) and P3HT:ZnO NPs on ZnO NRs array (corresponding to Sample D). The PCE of Sample C becomes lower than that of Sample B, probably because the NRs deteriorate the surface morphology of the lm. The device performances are consistent with the photophysical characterizations in which Sample B and C possess the most prominent uorescence decay in the time-resolved PL spectroscopy. Our work provides an experimental foundation to understand the physics underlying the phenomenon that the active layer on top of ZnO NRs array which composed of high ZnO NPs concentration in P3HT deteriorated the power conversion ef ciency of photovoltaic devices 26, 27) .
Conclusions
In summary, photophysical investigations were performed on several types of P3HT: ZnO interfaces. P3HT intends to form coiled chain around ZnO NRs, providing adequate interfacial areas to facilitate exciton dissociation and electron transfer by showing PL quenching in the time-resolved uorescence spectrum. Almost the same effect can be achieved at P3HT: ZnO NPS interfaces at a concentration of 30 mass%. The coexistence of ZnO NPs and NRs in P3HT do not improve the effect further because ZnO NPs hampers the effective contact of ZnO NRs and P3HT. It has been shown higher charge separation ef ciency of these P3HT:
ZnO interfaces leads to better performances of heterojunction solar cells prepared under the same condition. 
